Abstract: Both associative and dissociative H2O adsorption on SnO2(110), TiO2(110), and Ti-enriched Sn1-xTixO2(110) surfaces have been investigated at low (1/12 monolayer (ML)) and high coverage (1 ML) by density functional theory calculations using the Gaussian and plane waves formalism. The use of a large supercell allowed the simulation at low symmetry levels. On SnO2(110), dissociative adsorption was favored at all coverages and was accompanied by stable associative H2O configurations. Increasing the coverage from 1/12 to 1 ML stabilized the (associatively or dissociatively) adsorbed H2O on SnO2(110) because of the formation of intermolecular H bonds. In contrast, on TiO2(110), the adsorption of isolated H2O groups (1/12 ML) was more stable than at high coverage, and the favored adsorption changed from dissociative to associative with increasing coverage. For dissociative H2O adsorption on Ti-enriched Sn1-xTixO2(110) surfaces with Ti atoms preferably located on 6-fold-coordinated surface sites, the analysis of the Wannier centers showed a polarization of electrons surrounding bridging O atoms that were bound simultaneously to 6-fold-coordinated Sn and Ti surface atoms. This polarization suggested the formation of an additional bond between the 6-fold-coordinated Ti-6c and bridging O atoms that had to be broken upon H2O adsorption. As a result, the H2O adsorption energy initially decreased, with increasing surface Ti content reaching a minimum at 25% Ti for 1/12 ML. This behavior was even more accentuated at high H2O coverage (1 ML) with the adsorption energy decreasing rapidly from 145.2 to 101.6 kJ/mol with the surface Ti content increasing from 0 to 33%. A global minimum of binding energies at both low and high coverage was found between 25 and 33% surface Ti content, which may explain the minimal cross-sensitivity to humidity previously reported for Sn1-xTixO2 gas sensors. Above 12.5% surface Ti content, the binding energy decreased with increasing coverage, suggesting that the partial desorption of H2O is facilitated at a high fractional coverage. 
dissociatively) adsorbed H 2 O on SnO 2 (110) due to the formation of intermolecular H-bonds. In contrast, on TiO 2 (110), adsorption of isolated H 2 O groups (1/12ML) was more stable than at high coverage and favored adsorption changed from dissociative to associative with increasing coverage.
For dissociative H 2 O adsorption on Ti-enriched Sn 1-x Ti x O 2 (110) surfaces with Ti atoms preferably located on six-fold coordinated surface sites, analysis of the Wannier centers showed a polarization of electrons surrounding bridging O atoms that were bound simultaneously to sixfold coordinated Sn and Ti surface atoms. This polarization suggested the formation of an additional bond between the six-fold coordinated Ti 6c and bridging O atoms that had to be broken upon H 2 O adsorption. As a result, the H 2 O adsorption energy initially decreased with increasing surface Ti-content reaching a minimum at 25 % Ti for 1/12 ML. This behavior was even more accentuated at high H 2 O coverage (1ML) with the adsorption energy decreasing rapidly from 145.2 to 101.6 kJ/mol with Ti content increasing from 0 to 33 %. A global minimum of binding energies at both low and high coverage was found between 25 and 33 % surface Ti-content which may explain the minimal cross-sensitivity to humidity previously reported for Sn 1-x Ti x O 2 gas sensors. Above 12.5 % surface Ti-content, the binding energy decreased with increasing coverage suggesting that partial desorption of H 2 O is facilitated at high fractional coverage.
INTRODUCTION
The semiconducting nature of many metal oxides makes them interesting materials for numerous industrial and economical important applications. Wide band gap semiconducting metal oxides such as SnO 2 and TiO 2 are used, for example, in solar cells 1, 2 , photocatalysis 3, 4 and as chemoresistive portable gas sensors 5 . Since the pioneering work of Fujishima and Honda 3 in 1972 on photoinduced decomposition of H 2 O on TiO 2 , intensive research has been done to optimize the photocatalytic behavior of TiO 2 for hydrogen production from H 2 O or hydrocarbons and for degradation of organic pollutants. 6, 7 The main advantages of TiO 2 -based materials in this area are their high stability, low costs and high photoactivity. 8, 9 Considerable improvement of TiO 2 was achieved by substitutional or interstitial doping with anionic species, in particular nitrogen. 4, 10 Doping with cationic metal atoms such as Pt 11 and Sn 12, 13 has also shown to improve the photocatalytic behavior.
The performance of TiO 2 -based photocatalysts used in gas-solid phase reactions varies significantly with the relative humidity. [14] [15] [16] At low H 2 O content, degradation of pollutants is enhanced by an increased number of hydroxyl groups on the surface. 14 However, for higher water content the H 2 O species are competing with the actual reactants, 14, 15 reducing the reaction rates as it has been shown for trichloroethylene 15 and m-xylene 17 . Furthermore, H 2 O species adsorbed on the TiO 2 surface decrease the upward band bending. This facilitates the recombination of electron and holes and reduces the photocatalytic activity. 9, 16 Thus it is an important task to control the water adsorption properties on TiO 2 -based catalysts in order to optimize their photocatalytic activity.
Another interesting field for semiconducting metal oxides is their use as chemoresistive gas sensors. 18 Their ability to change conductivity when gaseous molecules are reacting with the surface makes them particularly applicable for such devices. 19, 20 Solid state gas sensors made of metal oxide nanoparticles are currently utilized for process safety control, environmental monitoring and homeland security. 21, 22 They have been applied to human breath analysis to estimate the blood alcohol content of drunk drivers 23 and more recently for the detection and monitoring of breath markers for several diseases such as lung cancer 24 or diabetes. 25 Tin oxide (SnO 2 ) is the most widely used metal oxide for chemoresistive gas sensors. 26 Its sensitivity and selectivity depend also on the exposed facets of the rutile crystal structure. 27 Han et al. 28 synthesized SnO 2 particles with different morphology and found that octahedral particles with exposed high-energy (221) facets show highest gas-sensing performance towards ethanol.
However, the gas sensing performances reported in this article are rather poor compared to those found in other studies with exposed low-index SnO 2 facets such as (110), (101) and (100) 29 .
Furthermore, such high-index (221) facets have a higher surface energy 28 and thus are more difficult to produce than spontaneously growing low-index facets 30 .
High sensitivity and selectivity is in particular important for chemoresistive gas sensors used in non-invasive medical diagnostics (breath analysis) since the breath consists of more than 1000
volatile compounds and has a high relative humidity (r.h.). 31 This is particularly problematic as water vapor increases the electrical conductivity of the metal oxide upon reaction with its surface and thus results in an unreliable sensor response. 32, 33 High cross-sensitivity to humidity is a major drawback of SnO 2 , one of the most studied and widely used gas sensing metal oxides, sensitive to several relevant analytes such as CO, NO x , H 2 and ethanol. 26 In fact, the reaction between water vapor and the SnO 2 surface leads to remarkable changes (up to 85%) in its sensor response. 32, 33 Even for more selective sensing oxides such as WO 3 , water vapor is a common problem 34 that limits its applicability to non-invasive medical diagnostics by breath analysis.
The understanding of the cross-sensitivity mechanism of gas sensing metal oxides to humidity is still in progress. As a result, there is a necessity for further research on the H 2 O adsorption on wide band gap semiconducting metal oxides that overlaps with the interest to optimize such materials for photocatalysis. For adsorption of H 2 O on SnO 2 and the resulting increase in electrical conductivity, three main paths have been proposed. 33 In the first mechanism, it is suggested that H 2 O dissociates in an H atom and OH group that react further with the metal oxide surface. The OH group (terminal OH) binds to a surface metal atom, whereas the H atom binds to a rooted O atom resulting in a rooted OH group. The latter is then donating an electron to the conduction band 35 according to:
The asterisk indicates the active sites of the metal oxide surface, whereas (Sn
) is referred to an isolated (terminal) hydroxyl group and (OH) + to a rooted OH group. Since the rooted O is normally in the (2-) state it can become ionized and function as an electron donor.
The second mechanism considers the formation of oxygen vacancies. In this mechanism, the rooted OH group reacts further and binds to a neighboring Sn atom producing an oxygen vacancy. This vacancy donates by ionization two electrons to the conduction band of the semiconductor. 35 The third mechanism is described as an indirect process where pre-adsorbed species are changing the electron affinity of the surface. 36, 37 This could be for instance the reaction of the adsorbed hydroxyl group or the hydrogen atom bond to rooted O which are acting as active sites on the surface and possibly react with acid or basic groups. 36, 37 Recently, it has been shown that altering the SnO 2 structure by introduction of impurities results in a drastic stabilization of the sensor response in the presence of varying water vapor content. 5 Doping of SnO 2 nanoparticles with low Ti-content (4.6 at%) decreased the crosssensitivity to r.h. remarkably while maintaining high sensitivity towards the tested analyte (ethanol). At the optimal doping content, a residual cross-sensitivity to r.h. of ca. 15% was measurable increasing the r.h. from 0 (dry air) to 20%. Further increase of the r.h. did not have any effect on the sensor signal. This approach was particularly convenient as both metal oxides (SnO 2 and TiO 2 ) share a rutile crystal phase and their co-synthesis at high temperature (>2000K)
promoted the formation of a substitutional solid solution without any segregation up to 80 at% of Ti.
The two metal oxides, SnO 2 and TiO 2 , have noticeable differences in electronic and adsorption properties due to the fact that Ti is a transition metal and Sn is a group IV element. In terms of sensitivity and conductivity, TiO 2 is inferior to SnO 2 . 18 Nevertheless, it has a higher thermodynamic stability and less cross-sensitivity to humidity than SnO 2 . 26 Experimentally studied Sn 1-x Ti x O 2 nanoparticles 5 combined the advantages of both metal oxides but the fundamental understanding of the H 2 O interaction with their surface is still sought for.
In this regard, theoretical investigation of the Sn 1-x Ti x O 2 system represents a unique opportunity to achieve a better understanding of the mechanisms controlling the adsorption properties of H 2 O on wide band gap semiconducting metal oxides for application in gas sensing and photocatalysis. Among computational methods, density functional theory (DFT) is a quantum mechanical method that is widely used to describe catalytic processes mainly on crystal metal surfaces. [38] [39] [40] Furthermore, it has been proven to be an appropriate method for the calculation of metal oxide surfaces. [41] [42] [43] [44] [45] In fact, DFT has been applied to evaluate the stability of stoichiometric pure SnO 2 and TiO 2 surfaces showing that for both crystals the (110) surface is the most favored. Moreover, the Sn 1-x Ti x O 2 bulk system has been studied by DFT 46 confirming the experimentally measured variation from Vegard's law for the rutile lattice parameters. 
METHODS
Computational Details. The simulations performed in this investigation were based on DFT as implemented in the CP2K program package, a suite of programs aimed at performing efficient electronic structure calculations and molecular dynamics at different levels of theory. 54 Rutile type metal oxides can be simulated with good agreement to experimental results using exchangecorrelation potentials with general gradient approximation (GGA). 41 The electronic structure calculations employ the Gaussian and plane wave (GPW) formalism. 52, 53 Interaction of valence electrons with frozen atomic cores was described using norm conserving, dual-space type pseudopotentials. 55 For Sn and Ti metal atoms, 4 and 12 electrons were explicitly considered, respectively, in the valence shell. A double-zeta valence plus polarization (DZVP) basis set, optimized according to the Mol-Opt method 56 has been adopted for the metal atoms and hydrogen and a triple-zeta valence plus polarization for oxygen. For auxiliary PW expansion of the charge density, the energy cutoff has been set at 400 Ry. Exchange-correlation potentials were modeled using the Perdew-Burke-Ernzerhof (PBE) functional. 57 The size of the simulation domain is a critical parameter in real space calculations. It defines the accuracy of the density, the accuracy of the physical system and the computational time frame needed. The optimal compromise between physical accuracy and resource allocation for the present investigation was found to be a supercell of 720 atoms. The rutile primitive cell has been repeated 3 and 4 times along the x and y directions, respectively. Along the z-direction, the cell has been repeated 10 times, in order to form a slab of ten metal atom layers. All simulations were performed with periodic boundary conditions. Determination of the optimal lattice parameters a, c and u has been carried out by self-consistent wave function calculations for different lattice values until the convergence in the total energy was lower than 10 -3 eV per metal atom of the super cell. The cell parameters for Sn 1-x Ti x O 2 solid solutions were optimized with Ti atoms distributed in the bulk. The optimized parameters can be found elsewhere. 58 The simulations with Ti-surface distribution were performed using the parameters optimized for bulk calculations. To simulate the surface, 10 Å of vacuum were added along the z-direction in order to avoid any interaction of the cluster with its periodic image. Three metal atom layers on the top and the bottom of the slab were allowed to relax in all dimensions while four layers were fixed to simulate the bulk corresponding to the simulation domain used previously 58 investigating the stability of Sn 1-x Ti x O 2 (110) surfaces.
The adsorption of H 2 O was simulated on one of the exposed surfaces of the slab. It is supposed that placing adsorbates on both sides gives more accurate results since possible dipoles are eliminated. 59 However, calculations with adsorbates on both sides showed a difference in binding energy of less than 3.5 kJ/mol. Thus, it was concluded that precise values of the binding energy are yielded also when simulating adsorption only on one surface. The H 2 O binding energies (E B ) were calculated according to:
where n gives the number of adsorbed species on the described surface and E slab+nH2O denotes the energy of the surface slab plus n adsorbates. The energy of an isolated H 2 O molecule (E H2O,g ) was 
RESULTS AND DISCUSSION
On pure SnO 2 and TiO 2 , associative and dissociative chemisorption of water at different coverages was simulated. For associative adsorption, the bonds of the water molecule were preserved and the H 2 O molecule was placed perpendicular to the surface with the oxygen atom (O H2O ) bound to a fivefold coordinated metal atom site. 44, 50 In contrast, for dissociative adsorption, one H atom was separated from the H 2 O molecule (Fig. 1 Figure 3b .
Stability. Pure associative adsorption of H 2 O at 1 ML had a binding energy of 112 kJ/mol (Fig, 3a , Table 1 ). The same binding energy (113 kJ/mol) was computed in a previous study using a smaller unit cell with the PBE exchange-correlation functional. 49 However, in the latter, artificial constraints were introduced for the relaxation to prevent spontaneous dissociation of the (Fig. 3a) were artificially placed so that they pointed all into the same direction. This led to dissociation of half the H 2 O molecules (Fig. 3b) with increasing water content. For the use of SnO 2 as a gas sensor, this means that the higher the relative humidity the more H 2 O is adsorbed. Consequently, the conductivity and response of SnO 2 gas sensors depend on the relative humidity also at relatively high humidity concentration.
Adsorption on TiO 2 (110)
Isolated Adsorption (1/12 ML). On TiO 2 , in contrast to SnO 2 , associatively adsorbed H 2 O was stable both in configurations perpendicular (not shown, cf. Fig. 2a,b) and parallel (Fig. 5a,b) On the TiO 2 (110) surface, the binding energies showed that, for isolated adsorption, the H 2 O molecules preferred to dissociate whereas associative adsorption was favored at high coverage.
Thus, the preferred adsorption mechanism changed with the coverage. There has been discrepancy about the favored adsorption mechanism on TiO 2 (110) in the literature previously. 43, 50, 51, 63, 64 Some DFT studies 43,51 using the plane-waves formalism and the revised PBE exchange-correlation functional revealed that the dissociative mechanisms is favored at low coverages (θ≤0.5 ML), whereas others 63 using the PW91 functional stated that associative adsorption is favored for coverage ≤1 ML. Experimental studies using TPD, however, determined a tail of the desorption peak extending to higher temperatures (100 °C) which was attributed to hydroxyl groups. 65 Figure 7 represents an average value for the different binding sites at a specific surface Ti-content.
Isolated Adsorption (1/12 ML)
Structural Properties. Adsorption of isolated H 2 O groups was investigated on all possible surface sites at each Ti-content. Accordingly, Table 3 On pure SnO 2 (110) (Fig. 6a) , four Wannier centers were close to O br , two of which pointed towards the adjacent Sn 6c atoms (in direction). The other two were oriented out of the surface in [110] direction indicating two free electron pairs. Upon dissociative H 2 O adsorption, one of these free electron pairs was transformed into a bond with the H atom (Fig. 6a, right side) .
When some Sn 6c atoms were substituted with Ti atoms some O br were bound to both metal atom types (Fig. 6b) At surface Ti-contents >25 %, two or more Ti 6c atoms can be adjacent to each other (Fig. 6c) .
In these cases, the neighboring Ti 6c equally polarized the electrons (Wannier centers) of the enclosed O br atom resulting in a single O br -Ti 6c bond each (Fig. 6c) analyzed as a function of the surface Ti-content (Fig. 7, circles) . It was maximal at 25 % surface Ti-content. The converse behavior was observed for the average binding energy. The average binding energy of all possible adsorption sites on the surface decreased (Fig. 7, diamonds) since the number of O br with three bonds increased with the surface Ti-content up to 25 % (Fig. 7, circles). However, further increase of the surface Ti-content decreased the number of O br with three bonds and thus the average binding energy increased.
At surface Ti-contents between 25 and 50 % (Fig. 6c ) an additional effect was observed leading to an increase of the binding energy. When the H atom was bound to an O br site between Sn 5c and Ti 6c , i. e. with three bonds, one Ti-O br bond was broken. However, this change in the electronic structure led to a shift of all connected Ti 6c atoms in [001] direction closer to the O br atoms (Fig. 6c, right side) . This induced the formation of additional Ti 6c -O br which was reflected in an increased binding energy (by ca. 10 kJ/mol) on such sites.
Higher surface Ti-contents (50-100 %) increased the surface reconstruction and formation of additional Ti 6c -O br and Ti 5c -O r bonds on the surface. Here, the H 2 O adsorption led to enhanced rearrangements of the geometrical and electronic structure dependent on the local environment of the active site. Decrease of the symmetry of the surface with increasing surface Ti-content was reflected in an increased range of binding energies for different surface sites (Fig. 9) . This made it difficult to draw a general conclusion for surface Ti-contents >50 %. However, it is assumed that, in the case of low coverage, H 2 O species adsorb on the energetically most favorable site.
Thus, the highest binding energy for each Ti-content is relevant for the determination of the adsorption characteristics. As a result, a global minimum of the H 2 O binding energy for isolated adsorption (1/12 ML) was found at a surface Ti-content of 25 % suggesting that, for this Ticontent, the temperature needed to desorb small amounts of H 2 O species from the surface is lowest.
High Coverage Adsorption (1 ML)
Structural Properties. (Table 4) was observed with increasing surface Ti-content, consistent with the decreasing lattice parameters. 58 The influence of the lattice parameters was as well reflected in the drop (0.25 Å) of d term between 100% surface Ti-content, corresponding to 20% total Ti-content (2.41 Å), and pure TiO 2 (2.16 Å). When Ti atoms were introduced in the surface layer (17-67%), Sn 5c -OH term decreased from 2.06 Å for pure SnO 2 to 2.03 Å ( Table 4 ).
The Ti 5c -OH bond length, on the other hand, was equivalent to that on pure TiO 2 (1.87 Å)
indicating that the characteristic of this bond is determined by the chemical nature of the Me 5c atom rather than the surrounding atoms.
Stability. The binding energy at high coverage (1 ML) decreased rapidly from 145.2 to 101.6 kJ/mol with increasing surface Ti-content from 0 to 33 %. Further increase of the surface Ti-content up to 100 % had only marginal effect (±3.4 kJ/mol) (Fig. 8, diamonds, Fig. 9 , filled diamonds). The behavior of the binding energy correlated well with d root (Fig. 8, circles) : a decrease in the binding energy was related to an increase in the H-O distance. This verifies the stabilization of adsorbed species by intermolecular H-bonds which can be quantified by d root . For 100 % surface Ti-content, the binding energy (101.8 kJ/mol) was still remarkably higher than that on pure TiO 2 (60.3 kJ/mol). This suggests that the underlying SnO 2 crystal contributes considerably to the adsorption properties.
In summary, a minimum of the adsorption binding energy of isolated dissociatively adsorbed H 2 O was evidenced for a surface Ti-content of 25%. This minimum is attributed to the maximum number of O br atoms with three bonds to neighboring Me 6c atoms which had to be broken upon H 2 O adsorption. Furthermore, the high coverage binding energy dropped rapidly from 145.2 to 101.6 kJ/mol with increased surface Ti-content from 0 to 33 %. Higher surface Ti-contents had almost no effect on the high coverage binding energy of H 2 O. This led to an overall minimum of all binding energies between 25 and 33 % surface Ti-content. A qualitatively similar minimum was found experimentally at a total (surface + bulk) Ti-content of 4.6 % for the cross-sensitivity to humidity of FSP-made Sn 1-x Ti x O 2 nanoparticles. However, no explanation could be given yet for this behavior. 5 Assuming that all Ti atoms are distributed on the particle surface and the particles have an average size between 9 and 11 nm, the surface Ti-content of such particles is approximately 24 to 29 % and thus in good agreement with the computed surface Ti-content for the minimum of the H 2 O binding energy. This suggests that dissociative H 2 O adsorption plays a key role in the cross-sensitivity mechanisms to humidity of SnO 2 -based gas sensors. Furthermore, it supports the proposed homolytic dissociation of water on SnO 2 that leads to an increase in its conductivity. 32, 33, 35 It has been shown previously that Sn-doping of TiO 2 catalysts leads to enhanced photoactivity 13 which was partly attributed to the decrease of the band gap. 13, 68 The results of the present study suggest additionally that the dependency of the catalytic activity on the relative humidity can be minimized for an optimal Sn:Ti ratio.
Moreover, the rapid decrease of the 1 ML binding energy caused adsorbed H 2 O to be more stable at low coverage (Fig. 9 , open diamonds) than at high coverage (Fig. 9 , filled diamonds).
Already at a surface Ti-content of 33 %, repulsive interactions between adsorbed species were more pronounced than attractive ones (H-bonds). The amount of adsorbed H 2 O is not only dependent on the relative humidity but also on the process conditions such as temperature. This gives a possible explanation for the remaining minimal cross-sensitivity (15 %) of FSP-made Sn 1-
x Ti x O 2 nanoparticles that was shown experimentally. 5 In fact, there, the working temperature of the gas sensor (320 °C) was most probably high enough to overcome the binding energy at full coverage. However, due to the increased binding energy at low coverages, trace amounts of H 2 O remained on the surface leading to a variation of the sensor signal measured in dry air and thus to a small cross-sensitivity residual. Furthermore, the difference between H 2 O binding energy at high and low coverage became larger with increasing surface Ti-content due to the drop of the binding energy at 1 ML and the rise of the one at 1/12 ML for surface Ti-contents >25 % (Fig. 9) . Assuming a linear dependency of the binding energy on the coverage, it is suggested that controlling of the amount of adsorbed H 2 O species by the temperature is facilitated when the difference between low and high coverage binding energy gets larger.
Finally it should be stressed that our theoretical study of H 2 O adsorption on TiO 2 , SnO 2 and Sn 1-x Ti x O 2 surfaces and its impact on the cross-sensitivity of gas sensors only holds rigorously for equilibrated systems. However, it may also reflect the tendencies to be expected under dynamic conditions and therefore help in the interpretation of the relation between water adsorption and its impact on the cross-sensitivity. (Table 1 ). (Fig. 2a,b) . On TiO 2 , the difference between the Ti-O bond length for associative and dissociative adsorption was even larger than on SnO 2 , but less visible in the change of binding energy (Table 2 ). sites were occupied by the same type of metal atom (Sn for 0% and Ti for 50%), O br atoms formed two bonds to the neighboring Me 6c atoms. However, when O br was adjacent to an Sn 6c atom on one side and a Ti 6c atom on the other one, two bonds were formed to Ti and one to Sn.
CONCLUSIONS

Figure 3
The number of O br with such three bonds had a maximum at 25% surface Ti-content when Sn 6c
and Ti 6c atoms were alternating. Upon H 2 O adsorption, the third Ti 6c -O br bond had to be broken resulting in an inverse behavior of the H 2 O binding energy (triangles): the binding energy had a minimum at 25% surface Ti-content. (Fig. 7) . For higher surface Ti-contents the binding energy increased as well as the range of binding energies observed for each Ti-content. This was caused by a large degree of inhomogeneity of the surface structure. The 1 ML binding energy decreased drastically up to a surface Ti-content of 50%. Higher Ti-contents had hardly any effect on the binding energy.
